Abstract. We present results from 2D Monte Carlo simulations of a mid-wave infrared (MWIR) back-illuminated planar n-on-p HgCdTe electron-initiated avalanche photodiode (e-APD). The main objective of this work has been to study the dependence of the multiplication gain, excess noise factor, and response time on the position where the incident photon is absorbed. We also quantify the effects of the naturally occurring vertical alloy gradient electric fields in APDs grown by liquid phase epitaxy. The simulated gain is relatively independent of the excitation position, but a small increase is observed near the edges of the APD. The excess noise factor is around 1.2 for all positions. It is found that the alloy gradient field helps to speed up the response of the device, especially for excitation positions far away from the multiplication region.
Introduction
HgCdTe (MCT) electron-initiated avalanche photodiodes (e-APDs) are characterized by high sensitivity and gain combined with low avalanche multiplication noise [1] , [2] . These properties make them well suited for detection of very low radiation levels, such as in space imaging systems and laserbased detection systems. MCT APDs designed for the mid-and long-wavelength infrared regions, with cadmium alloy fractions less than 53%, operate mainly via single-carrier (electron) initiated multiplication. Therefore the gain becomes an exponential function of the reverse bias voltage. This simple gain mechanism results in an excess noise factor close to unity, largely independent of the gain. In addition, the response time can be very short, thus gain-bandwidth products in excess of 1 THz become possible. A great deal of modeling work on APDs have focused on obtaining phenomenological analytical relations describing the dependence of multiplication gain on reverse bias voltage or depletion layer geometry [3] . Other efforts have explored the various carrier interactions in more detail with Monte Carlo techniques [4] . In the present paper, we study the dependence of these properties on the position of the initial photo-excitation for a back-illuminated mid-wave infrared MCT APD, using 2D Monte Carlo simulation. We also study the effects of the naturally occurring vertical alloy gradient electric fields in the p-type absorption layer of APDs grown by liquid phase epitaxy [5] , [6] , [7] .
APD structure
Details of the simulated APD are shown in figure 1 . It is smaller, but geometrically similar to the planar structure discussed in [8] , and larger than the other designs investigated in [4] . The large devices studied in [8] allowed the position-dependent multiplication gain to be probed experimentally by focusing radiation onto different spots on the APD surface. Then a two-gain model consisting of a constant gain in the central region and an enhanced gain at the edges of the APD was introduced as a means of explaining the observations. It is therefore of interest to see if some of these effects could be confirmed by the Monte Carlo simulations in the present work. It has been speculated whether the alloy gradient quasi-electric fields (AGFs) naturally arising in LPE-grown MCT materials may play a role in speeding up the transport of the initial photo-generated carriers, thus resulting in shorter response times [8] . Simulations were therefore carried out both with and without these AGFs. In simulations without alloy gradients, the Cd alloy fraction, x, was set to a constant value of 0.28. In simulations with alloy gradients, x was set to decrease exponentially from 0.33 at the entrance face (i.e. cut-off at 4 µm) to a value of 0.28 at the p-n junction, according to the expression x = 0.27+0.06·exp(-z/3.7), where z is the distance from the irradiated back surface in µm [5] . The effect of the gradient can be described by two bare AGFs, one affecting holes and the other affecting electrons. Free, doped-in electric charges then respond and move according to one of the two bare AGFs, resulting in a self-consistent equilibrium bias electric field affecting both carrier types. The alloy gradient and associated electron-and hole bare AGFs are shown in figure 2. The importance of the alloy gradient field may depend on the thickness of the p-type absorption layer, since the gradients are located near the outer surface. A thick p-type absorption layer is important for the ability to operate near the cutoff wavelength of the MCT material. The p-layer is chosen to be 6.2 µm thick in the present work, and the AGF is fairly weak at the p-n junction.
Simulation model
In order to obtain a small photo-generated signal from a large background of free charge carriers, we performed a linearised, small signal analysis with single electron/hole resolution on top of a background bias electric field calculation. The bias calculation was carried out in the super-particle picture, and the resulting electric field was smoothed before it was used in the small signal analysis as a 'frozen field'. Each APD simulation consisted of 1000 different single-photon absorption events at the same position. Six excitation positions were considered, as indicated in figure 1 . Impact ionization was modeled with a simple Keldysh type expression, also used in other work [9] , and terminal currents were calculated according to [10] , [11] . Carrier transport in the p-type absorption layer can be affected by ambipolar effects varying with irradiation and doping, and at high reverse bias carrier tunneling through the p-n junction may create additional electron-hole pairs. Such processes were not included here, only ionized impurity and phonon scattering mechanisms were considered.
Results and discussion
All simulation results presented below are for 7 V reverse bias and 77 K temperature. Figure 3 shows four examples of simulated electron tracks with/without an AGF, for photo-excitation at two different positions (4 and 5) on the irradiated surface. It is evident that the AGF helps to bring the electrons on a more direct path towards the p-n junction. The lower plot in figure 4 gives an example of the simulated times of arrival at the contacts for electrons and holes in a case where the APD gain M = 81. The upper plot shows the corresponding terminal current on the n-contact under the assumption of a constant terminal voltage. All electrons are collected within only 50 ps, whereas the holes take several ns to arrive at the contacts, i.e. it is the electrons that provide the fast response of the APD. Figure 5 shows a histogram of APD gain values (M) from 1000 simulations at position 1, with a mean value M mean = 54, and a standard deviation of 23, resulting in a calculated excess noise factor F ≈ 1.2 from the expression shown in figure 5 . The main simulation results are summarized in Table 1 . The APD gain is relatively independent of the excitation position, but a small increase is observed near the edges of the APD (positions 2, 3, 5, and 6), which has also been observed experimentally [8] . The excess noise factor is around 1.2 for all positions. It is evident that the electron AGF helps to speed up the response, not only for photons absorbed near the entrance face where the bare alloy field is strong (225 V/cm for electrons), but also for photons absorbed near the p-n junction where the alloy field is weak (50 V/cm for electrons). Response times are much shorter than electron lifetimes (typically 30 ns), so that virtually all photoelectrons will reach the multiplication region at the p-n junction.
Conclusions

